SUMMARY A 41-year-old man had chronic, recurrent, drug-resistant paroxysmal right atrial tachycardia. Electrophysiologic studies revealed features suggesting atrial reentrance, including induction and termination of tachycardia with rapid atrial pacing and atrial extrastimuli. Endocardial catheter mapping localized the origin of tachycardia to the right atrial appendage. Intraoperative epicardial mapping refined the localization to the posterolateral rim of the appendage. The appendage was excised and the tachycardia was permanently cured. Microelectrode studies on the excised tissue revealed an inducible rhythm localized to a small area of the atrial endocardium, characterized by rapid pacing induction, rhythmicity generated from a suprathreshold afterdepolarization, low maximum diastolic potential, low overshoot potential and a smooth transition from phase 4 to phase 0, suggesting triggered automaticity. This is the first observation in man of probable triggerable atrial automaticity, which may be a direct counterpart of the clinical arrhythmia. The successful surgical outcome indicates that a focal atrial tachycardia can be excised in selected patients.
MOST PAROXYSMAL supraventricular tachycardias (PSVT) appear to reflect reentrance within the atrioventricular (AV) node, reentrance via an anomalous AV pathway, or reentrance within the atria.' In patients with intractable PSVT, drug therapy, based upon chronic electrophysiologic study, is usually successful in predicting effective antiarrhythmic therapy.2' In patients totally resistant to drugs, palliation is possible with the use of a radiofrequency or other pacing device for self-initiated termination of PSVT.4 A surgical cure may also be attempted by transection of one of the limbs of a reentrant circuit5 or by production of AV block distal to an ectopic focus or site of reentrance.8
Surgical cure of focal paroxysmal atrial tachycardia has been reported only once. 7 In the present study, we report in vivo and in vitro electrophysiologic observations in a patient with recurrent drug-resistant PSVT due to a right atrial "focus," in whom surgical excision was curative and in whom the in vitro studies suggested the presence of "triggerable automaticity" as the mechanism of PSVT. 8 12 Case Report A 41-year-old male was referred to Electrophysiologic study was performed in July 1978 after discontinuation of chronic antiarrhythmic agents for 48 hours. Standard multipolar electrode catheter techniques were used to record from multiple right atrial sites, left atrial sites via the coronary sinus, main pulmonary artery, and the His bundle.1-3 5, 13 After initial study, "chronic" electrophysiologic study was performed with an indwelling quadripolar right atrial catheter, as recently described.2 3 Paroxysmal high right atrial tachycardia could be reliably induced by atrial pacing or with single atrial stimuli ( fig. 2 ). Induction of PSVT was independent of the presence or absence of AV nodal conduction. The atrial tachycardia cycle length was 460-520 msec, with variable AV nodal block. Tachycardia was reset by single stimuli applied to the high right atrium at coupling intervals of 350-280 msec, and could be reproducibly terminated by short bursts of atrial pacing at cycle lengths of 320-250 msec or by double extrastimuli. P-wave morphology during tachycardia resembled that of the spontaneous arrhythmia. The tachycardia could be initiated and sustained despite administration of propranolol, ouabain, procainamide and quinidine. A subsequent outpatient trial of procainamide and propranolol also failed to prevent PSVT.
Endocardial Mapping
Endocardial mapping was performed in October 1978 with a #7F, 100-cm Zucker catheter advanced from a femoral vein and directionally oriented with the aid of biplane fluoroscopy and a Cook directional guide system. Bipolar electrograms, filtered at 120-2000 Hz were recorded from 25 right atrial sites during induced PSVT ( fig. 3 ). The cycle length of PSVT was 400-540 msec. The earliest recorded atrial endocardial site was in the posterolateral region of the right atrial appendage synchronous with the onset of the P wave on surface ECG leads. The remaining atrial sites were activated in a more-or-less centrifugal fashion from this site. Activity was recorded as late as 240 msec after the onset of the P wave in the region of the high anterior tricuspid valve. All left atrial sites (data retrieved from previous study and not shown in figure 3 ) were recorded 75-100 msec after the onset of the P wave of the tachycardia.
Epicardial Mapping and Surgery
Median sternotomy was performed on October 19, 1978 . The right atrium was dilated and showed patchy fibrosis. Rather dense fibrosis involved the anterior rim adjacent to the right AV groove.
Epicardial mapping was performed during sinus rhythm ( fig. 4 ) and during pacing-induced PSVT (fig. 5) using techniques similar to those described previously.'4' 15 Recordings were made on an oscilloscopic recorder (Electronics for Medicine, Model VR-12) using multiple surface ECG leads, isolated and filtered at 0.1-50 Hz, a bipolar right atrial reference electrode and bipolar electrograms from an exploring hand-held probe, isolated and filtered at 100-2500 Hz. The onset of the P wave in multiple leads was used as the reference point for measurement of local activation times in milliseconds. The atrial epicardial sequence during sinus rhythm is shown in figure 4 . The sinus cycle length was 710 msec. Activation began 20 msec before the onset of the P wave just The atrial activation sequence during pacinginduced PSVT is shown in figure 5 . The cycle length of PSVT was 450 msec. Activation began 13 msec before the onset of the P wave at a site approximately 6 cm from the site of initial activation in sinus rhythm. This site was in the posterolateral rim of the right atrial appendage. Activation was again more rapid in an inferior and leftward direction than it was anteriorly. The latest identified activity was adjacent to the right AV groove, 377 msec after the onset of the P wave, during apparent electrical diastole on the surface ECG. Despite this marked delay, the sequence of atrial activation appeared to be a more or less centrifugal process originating from the site of earliest ac- Without the use of cardiopulmonary bypass, the right atrial appendage was clamped during PSVT stimulated extracellularly with a pair of silver wire electrodes, insulated to the tip, placed on the surface of the preparation ( fig. 6 , site S). Transmembrane voltages were detected using glass microelectrodes filled with 3 M KCI that had a DC resistance of 10-20 MQ and tip potentials of less than 5 mV. The tissue bath was kept at virtual ground using a Tektronix Type 0 operational amplifier. The transmembrane voltage was amplified by a high-impedance, variablecapacity neutralization amplifier, displayed on a dualbeam oscilloscope and photographed.
The tissue was allowed to equilibrate for 45 minutes. Observation through a Zeiss dissecting microscope showed the preparation to be quiescent. One or more extracellular stimuli, however, could initiate sustained contractions in an area of atrial endocardium near the cut edge that measured approximately 0.5 X 0.5 mm (fig. 6 , site R). This area was 10 mm from the stimulating electrodes and will be referred to as the "focus." The application of one or more stimuli repeatedly terminated the induced contraction of the focus.
The focus and surrounding endocardium were probed with microelectrodes. The initiation and termination of rhythmic activity by extracellularly delivered stimuli applied at a site remote from the focus during the recording of the transmembrane depolarization (phase 0) of the first action potential was followed by an early afterdepolarization, which appears as a shoulder on the plateau. After completion of the repolarization phase (phase 3) of the first action potential, Vm became more negative than it had been before phase 0 at Vr. This deflection is termed a delayed afterhyperpolarization. The delayed afterhyperpolarization was followed by a delayed afterdepolarization of sufficient amplitude to attain threshold and produce an action potential. Each subsequent action potential was followed by a delayed afterhyperpolarization and suprathreshold afterdepolarization, resulting in sustained rhythm. These action potentials showed a smooth transition of slow diastolic depolarization (phase 4) into the upstroke (phase 0), highly suggestive of a cell within or very near an automatic center. The rhythm accelerated to a cycle length of 750 msec (80 beats/ min). Once membrane activity stabilized, the maximum diastolic transmembrane voltage (Vmd) was -57 mV and the peak overshoot was 15 mV. The cycle length increased to 800 msec (75 beats/min) before the termination of the rhythm by the first of three extracellularly applied stimuli ( fig. 7C ). After termination, some subthreshold oscillatory membrane activity was noted. Shortly thereafter, the oscillatory activity subsided, and Vr returned to -52 mV ( fig. 7D ). Five minutes later, extracellular stimuli again were applied to the quiescent preparation ( fig. 7E ). The second stimulus triggered a sequence of events essentially identical to those previously observed ( fig. 7B ). These events meet the criteria for triggered sustained rhythmic activity, and the morphology of the action potential suggests triggered automaticity. [8] [9] [10] Mapping of many sites on the endocardial surface of the free atrial wall and of the trabeculae near the focus failed to locate a spontaneous or inducible pacemaker in the surrounding tissue. Similarly, no evidence was found for slow conduction encompassing the cycle time of the induced tachycardia to suggest reentrance outside the 0.5 X 0.5 mm focus. Activation proceeded centrifugally from the focus in all directions.
After an hour, the preparation became difficult to capture with the extracellular stimuli, and Vr in the focus had become lower (-28 mV). For this reason, epinephrine (2 X 10-5M) was added to the perfusate. Epinephrine not only facilitated extracellular stimulation, but induced a spontaneous pacemaker at a site remote from the focus. Action potentials from the focus driven by this pacemaker had a cycle length of 1870 msec (32 beats/min), a Vmd of -32 mV, and overshoot of 6 mV, and showed a more abrupt transition between phase 4 and phase 0 ( fig. 8A ). This configuration, as well as endocardial mapping, demonstrated that the spontaneous pacemaker was remote from the focus of interest, but the pacemaker region itself was not identified.
The triggering of sustained rhythmic activity within the focus was again possible. Thereafter, the preparation gradually lost the ability to generate activity in response to chemical or electrical stimuli. The response to such agents as verapamil or manganese, therefore, could not be tested.
Histologic Examination
A separate small portion of the excised atrium was completely serially sectioned. The myocardium was markedly infiltrated with mononuclear cells and showed considerable increase in connective tissue. The epicardium was also infiltrated with mononuclear cells. There was no evidence of amyloid deposition.
Follow-up After Surgery
Postoperative recovery was uneventful. Repeat electrophysiologic study using the radiofrequency atrial pacemaker (paced cycle length of as short as 200 msec) revealed inability to induce PSVT. Subsequent close follow-up for 18 months, including outpatient follow-up, telephonic ECG monitoring and ambulatory ECG monitoring, demonstrated total cure of PSVT.
Discussion Most examples of PSVT appear to reflect reentrant mechanisms.-3', 6 The ability to initiate and terminate tachycardia by appropriately timed single stimuli or rapid pacing is a generally accepted criterion for electrophysiologic diagnosis of reentrance. At the moment of initiation of tachycardia it is usually possible, in AV reentrant tachycardia' , and in some forms of ventricular tachycardia,' 16 to show that initiation is dependent upon achieving a critical amount of delay in conduction through some portion of the reentrant circuit. Similarly, at the moment of termination of tachycardia, block of an impulse is usually demonstrable in some portion of the reentrant loop." 16, 17 In the present patient, rapid pacing and single stimulus Our electrophysiologic studies in vivo and in vitro strongly suggest the presence of triggerable automaticity in a cell or small group of cells within the excised fragment of right atrium. First, while mapping in vivo probably cannot exclude microscopic reentrance, it failed to show a large reentrant circuit. Second, the electrophysiologic studies in vitro found that extracellular stimulation distant from the focus could induce sustained rhythmic activity within the focus. The recordings of the transmembrane voltage within the focus showed triggered afterpotentials, including both early afterdepolarizations and delayed afterhyperpolarizations leading to suprathreshold afterdepolarizations, a low maximum diastolic and peak overshoot potential, an acceleration in the rate of the triggered rhythm after initiation, and the brief persistence of afterpotentials after termination of the activity by extracellularly applied stimuli. The morphology of the triggered activity, moreover, suggested the membrane activity to be automatic in that there was a smooth transition from phase 4 into the upstroke of phase 0. The transition was much more abrupt when the preparation was controlled either by remote extracellular stimulation or by the remote pacemaker induced by epinephrine. Finally, endocardial mapping with microelectrodes failed to define a reentrant loop. We could not exclude microentry involving a circuit that plunged into the depths of the atrial preparation or within the 0.5 X 0.5 mm focus itself. Despite the limitations of the experimental methods and the difficulty in extrapolating the observations in an isolated preparation to the clinical situation, the case for triggered sustained automaticity is quite strong.
The triggerable activity in vitro may have been the counterpart of the arrhythmia in vivo. However, it has been shown that diseased human atria may contain cells with low resting membrane potentials in the absence of clinical tachyarrhythmias. The examples of triggerable automaticity shown in primate8 and human'2 mitral valve tissue were also in the absence of significant arrhythmia in vivo. Thus, these studies suggest caution in attributing the clinical arrhythmia in the present case directly to the phenomena in our microelectrode studies.
Because it has been postulated that cells capable of triggered automaticity might involve activity of the slow, calcium-mediated membrane channel, it would have been of great interest to observe the abolition of the induced tachycardia by verapamil, either in vivo or in vitro. Unfortunately, because of limitations of experimental protocol in our clinical studies and to the short life of the excised specimen in the studies in vitro, the effects of verapamil were not examined.
Approach to Management
Failure to find an agent that prevents sustained tachycardia indicates the need for more invasive therapy, as in the present case. This patient's tachycardia could be initiated and sustained despite the administration of digitalis, propranolol, procainamide and quinidine. This correlated with occurrence of spontaneous episodes with all the above drugs. In addition, sufficient AV nodal block to render the patient asymptomatic could not be produced by the combination of digoxin and propranolol. The electrophysiologic study showed that rapid atrial pacing termination was reliable and predicted that the radiofrequency pacing system would successfully allow termination of clinical arrhythmia, should it recur despite surgery.
A good correlation was obtained between catheter endocardial mapping and the intraoperative epicardial map during PSVT. These techniques localized the earliest activity to the posterolateral rim of the right atrial appendage. This was confirmed by subsequent abolition of tachycardia during application of the atrial clamp, and the inability to reinduce tachycardia after excision of the appendage. We believe that the subsequent demonstration of inducible rhythmicity in the excised tissue may have been the cellular counterpart of the clinical arrhythmia.
Surgical therapy for PSVT has previously included incision, diathermy or cryothermy of the accessory pathway or the His bundle in patients with AV macroreentrant PSVT via accessory pathways as one limb of the circuit,6 14, 20 Pritchett et al. 21 described cure of PSVT after surgical trauma to the AV node (unsuccessful attempt at producing surgical AV block in a patient with AV nodal reentrant PSVT). Coumel et al.7 described cure of PSVT after an encircling incision made around an identified focal left atrial tachycardia adjacent to a pulmonary vein. There is no previous report of direct excision of a focus responsible for chronic paroxysmal atrial tachycardia.
Clinical Implications
The present case illustrates the feasibility of direct surgical excision of an atrial focus producing tachycardia. The present patient had a number of features making this approach to management both desirable and feasible: (1) frequent and severe tachycardia necessitating a vigorous attempt at cure; (2) a sustained paroxysmal tachycardia that was easily induced and terminated with cardiac stimulatory techniques, facilitating extensive preoperative and intraoperative electrophysiologic studies; (3) failure of chronic electrophysiologic study to find an agent that prevented induction of sustained tachycardia, coupled with the occurrence of spontaneous tachycardias despite vigorous empiric antiarrhythmic therapy; (4) an accessible site of origin of tachycardia, facilitating endocardial and epicardial mapping, as well as surgical cure.
